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1 Introduction 



There is a growing theoretical evidence that brane models with warped geometries may play 
a prominent role in understanding the variety of field theoretical incarnations of the hierarchy 
problem |l|, ^, ^ . Nonetheless, the initial hope that the mere presence of extra dimensions would 
be a natural tool to control mass scales in gauge theories coupled to gravity turned out to be 
premature. Various hierarchy issues have resisted numerous proposals, and revealed another, 
slightly disguised, face of the fine-tuning, well known from four dimensions (an example is the 
cosmological constant problem, see and references therein) . The most stumbling observation 
is that whenever one finds a fiat 4d foliation as the solution of higher-dimensional Einstein 
equations, which seems to be necessary for the existence of a realistic 4d effective theory, it is 
accompanied by a special choice of various parameters in the higher-dimensional Lagrangian. 
The fine-tuning seems to be even worse in 5d than in 4d, since typically one must correlate 
parameters living on spatially separated branes. Then there appears immediately the problem 
of stabilizing these special relations against quantum corrections. 

This situation has prompted the proposal H, H, 01 , that it is a version of brane-bulk super- 
symmetry that may be able to explain apparent fine-tunings and stabilize hierarchies against 
quantum corrections. And indeed, the brane-bulk supersymmetry turns out to correlate in the 
right way the brane tensions and bulk cosmological constant in the super symmetric Randall- 
Sundrum model. In addition, supergravity is likely to be necessary to embed brane worlds in 
string theory. 

Hence, there are good reasons to believe that supersymmetry is an important ingredient 
of the higher dimensional unification and the quest for consistent supersymmetric versions of 
brane worlds goes on, see |, |, |], |, |, 0, ||, [T|, |T|, |15|, |l^ |19|, m |2|, |2|, |2|, H. In 
earlier papers [l^, [l^, ^ the attention has been focused on models with solitonic (thick) 
branes and several no-go theorems were established (but see ^ 0)- Finally, in papers 

^ ^ explicit supersymmetric models with delta-type (thin) branes were constructed. 
The distinguishing feature of the pure supergravity Lagrangians proposed in |^ is imposing 
the Z2 symmetry, such that gravitino masses are Z2-odd. An elegant formulation of the model 
is given in ref. [^, where additional non-propagating fields are introduced to independently 
supersymmetrize the branes and the bulk. In the on-shell picture for these fields the models of 
ref. 
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and refs. [|^ Q are the same. 

an extension of the model to include vector multiplets has been worked out. 
On the other hand, in refs. [0, it has been noted that supersymmetric Randall-Sundrum- 
type models can be generalized to include the universal hypermultiplet and gauge fields and 
matter on the branes. The Lagrangian of such a construction has been given in |0, This 
opens up a phenomenological avenue, which we follow in the present paper, and allows us 
to study issues such as supersymmetry breaking and its transmission through the bulk. We 
want to stress that it is impossible to perform a trustworthy research of these issues without 
having a complete, explicit, locally supersymmetric model including matter on the branes 
embedded in extra dimensions. This is the main drawback of the phenomenological studies of 
supersymmetric brane worlds published so far. Further, it is our opinion that one should study 
thoroughly the classic, and in a sense minimal, version of the 5d brane worlds where charged 
matter and observable gauge interactions are confined to branes. The point is that putting 
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matter and gauge fields into the 5d bulk amounts extending in a non-trivial way the very 
attractive MSSM. Hence, for the time being we prefer to clarify the situation in the minimal 
models with just neutral fields living in the bulk. On the other hand, populating the bulk with 
5d gravitational fields alone does not seem to be realistic. In typical string compactifications, 
just on the basis of simple dimensional reduction of higher- dimensional supergravities, one 
expects neutral (with respect to the SM group) matter, namely moduli fields, to coexist in 
the 5d bulk with supergravity multiplet. To represent such bulk matter, we choose to work in 
the present paper with bulk hypermultiplets, which couple also to the branes. In the explicit 
calculations which shall lead us to a consistent 4d supergravity model in the final section of 
this paper, we shall employ a universal hypermultiplet, which reduces to the dilatonic chiral 
multiplet in 4d. 

Still, it should be clear that putting gauge fields (and more) in the bulk is a viable alternative 
to our models, and as shown in |^ it may also provide a mechanism to stabilize the extra 
dimensions. 

The final goal of this paper is to formulate the effective low-energy theory that describes 
properly the physics of the warped five- dimensional models with gauge sectors on the branes. 
On the way to four-dimensional theory we investigate supersymmetry, supersymmetry break- 
down and moduli stabilization using five- dimensional tools. In particular, we show that in the 
class of models that we consider, i.e. models without non-trivial gauge sectors in the bulk, 
unbroken = 1 local supersymmetry (classical solutions with four unbroken supercharges) 
implies vanishing of the effective cosmo logical constant. We demonstrate the link between van- 
ishing of the 4d cosmological constant, minimization of effective potentials in 5d and 4d, and 
moduli stabilization in five-dimensional supersymmetric models presented in this paper. We 
also discuss supersymmetry breaking due to a global obstruction against the extension of bulk 
Killing spinors to the branes, which is a phenomenon observed earlier in the Horava-Witten 
model in lid and 5d. 



First steps towards the 4d effective theory were made in p2[,||23] (where the Kahler function 



for the radion field was identified). In the set-up considered in this paper, supersymmetry 
in 5d is first broken from eight down to four supercharges by the BPS vacuum wall, and 
then again broken spontaneously down to = by a switching on of expectation values of 
sources living on the branes. The general strategy follows the one |2^, ^ that led 

to the complete and accurate description of the low-energy supersymmetry breakdown in the 
Horava-Witten models, see [^, |2D|. We are able to find maximally symmetric solutions to the 
5d equations of motion within our supersymmetric model, and deduce the Kahler potential, 
superpotential and gauge kinetic functions describing physics of corresponding vacua in four 
dimensions. It turns out that the warped background modifies in an interesting way the kinetic 
terms for matter fields and the gauge kinetic function on the warped wall. There also appears a 
potential for the radion superfield, its origin being a modulus-dependent prefactor multiplying 
the superpotential on the warped wall in the expression for the 4d effective superpotential. We 
do not need to introduce any non-trivial gauge sector in the bulk to generate a potential for 
the T modulus. It is interesting to note that the structure of the effective 4d supergravity is 
completely different from that of the no-scale models. In these the 4d cosmological constant 
vanishes, while Ft is undetermined and sets the supersymmetry breaking scale. In our model Ft 
vanishes, supersymmetry is broken by Fs and non-zero cosmological constant is induced. The 
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complete and phenomenologically relevant 4d = 1 supergravity model which we managed 
to construct in this paper, should finally facilitate a detailed investigation of the low-energy 
physics of warped compactifications. 



2 Unbroken supersymmetry in 
the brane-world scenarios 

We begin with a brief review of the original RS model. The action is that of 5d gravity on 
M4 X S1/Z2 with negative cosmological constant : 

S = M^ J <fx^ {^R + + j (fx^^i (-\i5{x^) - \26{x^ - Tip)) ■ (1) 

Three-branes of non-zero tension are located at Z2 fixed points. The ansatz for the vacuum 
solution preserving 4d Poincare invariance has the warped product form: 

ds^ = a\x^)r]^^dx^'dx'' + Rl^dx^f. (2) 

The breathing mode of the fifth dimension is parametrized by Rq. The solution for the warp 
factor a{x^) is: 

a(x^) = exp(-i?o^k^|)- (3) 

It has an exponential form that can generate a large hierarchy of scales between the branes. 
Matching delta functions in the equations of motion requires fine tuning of the brane tensions: 

Ai = -A2 = Qk. (4) 

With the choice (1) the matching conditions are satisfied for arbitrary Rq, so the fifth dimension 
is not stabilized in the original RS model. Thus Rq enters the 4d effective theory as a massless 
scalar (radion), which couples to gravity in manner of a Brans-Dicke scalar. This is at odds 
with the precision tests of general relativity, so any realistic model should contain a potential 
for the radion field. 

Relaxing the condition we are still able to find a solution in the maximally symmetric 
form, but only if we allow for non-zero 4d curvature {adS^^ or dS^ [0. In such a case radion is 
stabilized and its vacuum expectation value is determined by the brane tensions and the bulk 
cosmological constant. 

The Randall- Sundrum model can be extended to a locally supersymmetric model |^ ^ 0- 
The basic set-up consists of 5d N=2 gauged supergravity |3^, Q which includes the gravity 
multiplet (e™, -0^, ^Q,), that is the metric (vielbein), a pair of symplectic Majorana gravitinos, 
and a vector field called the graviphoton. The U(l) subgroup of the R-symmetry group is 
gauged, the gauge charge g being constant between two branes but antisymmetric in the x^ 
coordinate. The form of the gauging is fully characterized by the SU{2) valued prepotential. 
Choosing the prepotential along the direction: 

gV = ^ke{x')za' (5) 
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reproduces the bosonic part of the RS bulk action (|I|). Moreover, because of the antisymmetric 
function e(x^) , the supersymmetry variation of the action contains terms proportional to the 
delta function, that cancel if the brane tensions satisfy the relation @. Thus the fine-tuning 
present in the original RS model can be explained by the requirement of local supersymmetry 

New bosonic and fermionic fields do not affect the vacuum solution so the equations of 
motion for the warp factor are the same as in the original, non-supersymmetric RS model. 
The RS solution satisfies the BPS conditions and preserves one half of the supercharges, which 
corresponds to unbroken N=l supersymmetry in four dimensions. In the supersymmetric ver- 
sion the brane tensions are fixed. As a consequence, the exponential solution (|^) is the only 
maximally symmetric solution and the radion is still not stabilized. 



We now turn to studying the supersymmetric RS model coupled to matter fields. We want 
to investigate how general are the features present in the minimal supersymmetric RS model. 
We find that unbroken local supersymmetry implies fiat 4d space-time in a wider class of 5d 
supergravities coupled to hyper- or vector multiplets, in which the scalar potential is generated 
by gauging a subgroup of R-symmetry. 

Let us consider a version of the RS model, which apart from the gravity multiplet includes 
an arbitrary number of hypermultiplets. In five dimensions a hypermultiplet consists of a pair 
of symplectic Majorana fermions A" and of four real scalars q^. The scalar potential can be 
generated by gauging a U(l) subgroup of the R-symmetry group and at the same time, by 
gauging isometrics of the sigma model [^, |2^, |33[ . The bosonic action we consider is : 



S = M^ j d^xe^ [\R - - V{q)) - J d'^xe^\i5{x^) - J d^xe4\25ix^ - np) (6) 

V{q) = g\-fP' + \Kvk^k-) (7) 

The sigma-model metric huv is quaternionic. The SU(2) valued prepotential V = Piia^ + 
P2^c^ + -Ps^cr^ describes gauging of the R-symmetry group while the Killing spinor describes 
gauging the isometrics of the quaternionic manifold; the covariant derivative acting on scalars is 
Daq^ = daq^ + gk'^Aa- Generically, both fc" and V are functions of the hypermultiplet scalars 
and satisfy the 'Killing prepotential equation' k'^Kuw = dyfP + [u^^V], where u is the spin 
connection and K is the Kahler form of the quaternionic manifold . As usually, we assume that 
the gauge charge g is odd: g = ^6/ce(a:^). The brane tensions are: 

Ai = -A2 = 24A;P3 (8) 

as was pointed out in . This relation is necessary to cancel the variation of the action which 
arise because of the presence of e(x^) in the gauge coupling and is an equivalent of (H) in a 
model with hypermultiplets. 

The relevant part of the supersymmetry transformation laws is (we use the normalization 



of 28 



= -iV^'^d^q^'-i^eA + g^k^'V^'^tA (9) 
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Our objective is to show that, in the class of warped compactification, unbroken supersym- 
metry imphes flat 4d space-time. To achieve this, we will derive the effective theory of the 4d 
metric degrees of freedom. It will turn out that supersymmetry requires vanishing of the 4d 
effective potential. We make the ansatz: 

ds^ = a'^{x^)gf,^dx''dx'' + Rl{dx^f 

g« = (10) 

which describes oscillations of the 4d metric g^i, about some vacuum solution. Using the ansatz 
(|10D the action @ can be rewritten in the form which reveals the BPS structure: 

S = M^J d^Xy/^Ro [a\^R + + 4kRoe{x^)\fp'^)^ + 9k'^huv{^d''\fp~^d''\fp'^ - k^'k'^) 
-7|/i™(<950" - 6fci?oe(a;^)5«/^)(950^ - 6kRoe{x^)d''\fp~^) - 4d5{a\^ + 3ke{x^)\fp'^)) 

+a\24k\fp^ - \^)b[x^) + a\-2Ak4p'^ - \^)5{x^ - vrp)) (11) 



To show that the effective potential vanishes when supersymmetry is preserved requires 
some calculations. First, difj^ = conditions can be solved in terms of the warp factor yielding: 

^ = -AkRoe{x^)\fp^ (12) 
Furthermore, the = condition yields: 

V^i'^^sg" = i ^^^" fc"(V;^"P3 + V;^"(Pi - tP2)) 



V^^d^q"" = i l2V2fc_gn fc«(_y2ap^ + K^'^fPl + ^^2)) (13) 



Using the Killing prepotential equation it is possible to eliminate k"^ from (|13]). After some 
calculations we get: 

hmnd^q"" = QkRodu\fF^ (14) 

Another manipulations of ([T3|) yield the relation huvd^q^d^q^ = dR'^k'^huvk'^k" . 

Summarizing, BPS conditions imply the following relations between the scalars, the warp 
factor and the Killing vector and prepotential: 

^ = -AkRo\/p^ 

K^d.q^ = 6kRodu\fp'^ 
huvd^q^'d^q" = ^eRlK.k^k^ (15) 

Plugging the above formulae into the action (|l^) and integrating over x^, we obtain the 4d 
effective action for the metric g^v'- 

Si = MlJd^x{\R~V,ff) 

Ml^V.ff = -M3 (^a4(0)(24fc/^(0) - Ai) + a\7rp){-24:k\/p^{np) - A2)) 

Mj,L = M^RoJdx^a^. (16) 
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In section 3 we explain in detail that if the Pi and/or P2 components of the prepotential 
are non-zero at the Z2 fixed point then supersymmetry is broken. The reason is that in such a 

case the BPS solution is not global. Thus unbroken supersymmetry requires \/p^{0) = PsiO) 
(the same at = up) and, in consequence, the 4d effective potential vanishes (recall that the 
brane tensions satisfy (|^)). 

Similar conclusions hold also in the RS model, with vector multiplets constructed in ref. 



The proof goes the same way as in the hypermultiplet case; the ultimate reason for the 
vanishing of the effective potential being the supersymmetric tuning of the brane tensions. 

Summarizing this section, unbroken local supersymmetry in 5d RS-type scenarios implies 
fiat space solutions. This result is somewhat unexpected, since within the framework of 4d 
supergravities we can a priori obtain an anti-de Sitter solution and preserve supersymmetry at 
the same time. This means that compactifications of the supersymmetric RS scenarios yield a 
very special subclass of 4d supergravities. This should be kept in mind when phenomenological 
models are constructed. 

Another consequence of the vanishing 4d potential is that RS-type models with unbroken 
supersymmetry cannot incorporate a mechanism of radion stabilization. The BPS conditions 
together with the supersymmetric tuning of the brane tensions yield the 4d effective potential 
which is identically zero. Thus the 4d equation of motion for the radion field is ^^^R = 0, 
which can be satisfied by any value of Rq, since ^ = 0. 



3 Supersymmetry breaking and radion stabilization in a 
model with the universal hypermultiplet 

In the preceding section we argued that RS-type models with unbroken supersymmetry re- 
quire vanishing of the 4d cosmo logical constant. At the same time they cannot incorporate a 
mechanism of radion stabilization. But in a realistic model supersymmetry must be broken. 
Therefore in the remainder of this paper we will study dynamics of the RS model with broken 
supersymmetry. 

The RS scenario with spontaneously broken supersymmetry was already discussed in ref. 



2^] in the context of radion stabilization. The effective potential for the radion field was 
generated through the interaction of the radion with gaugino condensates in the bulk. Commu- 
nication of supersymmetry breaking to the visible brane occurs at the level of four-dimensional 
physics with the help of the anomaly mediation mechanism proposed in |34]. 



In this paper we investigate an alternative mechanism of supersymmetry breaking, similar 



to that studied in M-theoretical scenarios [^, . It is triggered by brane sources coupled 



to the scalar fields in the bulk, which are odd with respect to the Z2 parity. One way to see 
that supersymmetry is broken is to notice that the Killing spinor cannot be defined globally. 
The odd fields are the agents that transmit supersymmetry breaking between the hidden and 
visible branes. Below we present a general description of our mechanism and then apply it to 
a specific model of 5d gauged supergravity with the universal hypermultiplet. 

Already in the previous section we signalled the possibility of breaking supersymmetry by 
inducing nontrivial vev of the Pi and/or P2 component of the prepotential. Recall, that the 
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^2 acts on the supersymmetry parameter as 'j^e^{x^) = e^{—x^), 7^e^(x^) = — e^(— x^). At 
the Z2 fixed points half of the components are projected out (so that only e)j and e| are non- 
zero and they correspond to a single Majorana spinor which generates N=l supersymmetry 
in four dimensions). At the same time, the BPS conditions impose restrictions on the Killing 
spinors. If we insist on preserving N=l supersymmetry, the form of the Killing spinors must 
be consistent with the orbifold projection; in other words, the Killing spinors must have only 
Z2 even components at the fixed points. 

It is straightforward to check that as long as P ~ 0-3 the Killing spinors which generate 
unbroken N=l supersymmetry has definite, even Z2 parity. But as soon as we switch on 
non-zero Pi or P2 the Killing spinors satisfy the relation: 

The above equality implies that if Pi or P2 are non-zero at the Z2 fixed points, then the 
Killing spinors have not definite parity there and supersymmetry is completely broken. It is 
still possible to find a Killing spinor locally, but it cannot be defined globally. Supersymmetry 
is broken because of the 'misalignment' between the bulk and the brane supersymmetry. 

But for Pi or P2 to be non-zero a non-trivial configuration of the Z2 odd fields is necessary. 
Indeed, from the form of the covariant derivative V a'lpf + gVi{P^)'%Aaip^ it is straightforward to 
deduce that while P3 is even with respect to Z2, Pi and P2 must be odd (recall that g ~ e{x^)). 
Non-trivial configuration of the odd fields can be induced by sources located on the branes. 
The mechanism involves coupling the odd scalars to the branes through their fifth derivatives 
(which are even and thus well defined on the boundary). The explicit realization of brane 
sources are boundary superpotential and boundary gaugino condensates, studied in ||^, |T0[ . In 



Appendix B we present a general supersymmetric form of such couplings in 5d supergravity 
with an arbitrary number of hypermultiplets. 

Studying supersymmetry breaking in 5d supergravity with general hypermultiplet spectrum 
is a difficult task. Therefore, from now on we concentrate on a simpler model with only one, 
so called universal hypermultiplet which includes two even scalars V, a and two odd scalars 
(the basic properties of the universal hypermultiplet are summarized in Appendix A). One may 
hope, that the features present in this toy-model persist in more general scenarios, in which 
supersymmetry breaking is transmitted by a non-trivial configuration of the odd bulk fields. 

To generate a scalar potential we gauge the isometry ^ e^'^C, of the quaternionic manifold 
0. Solving the Killing prepotential equation we find: 

Pi^-^ P.^'^ P3-i(l-^). (18) 

We see that Pi and P2 are non-zero in this model. Thus, inducing non-zero vev. of the ^ 
field will break supersymmetry. To this end, we couple (in a supersymmetric way) the fifth 
derivative of ^ to sources located on the boundaries. The rest of the bosonic action we consider 
is that given in (|^) rewritten for our special choice of the quaternionic manifold and gauging: 

S = M^Jd'x - lid^Af^y - ^\DM' - M^aV)' + 6^(1 + ^\^\' - 



8 



- / d'x {5{x')W,id,^ + 25(x5)|l) + 6ix' - np)W2id,^ + 26ix' - np)^) + h.c) . 

(19) 

In the first line we displayed the relevant kinetic terms (we neglected the field a which does 
not play any role in the following). The covariant derivative acting on ^ is D^^ = daC, + ig^Aa 
with the gauge charge g = 3k^/2e{x^). The boundary terms in the second line are proportional 
to P3 and are necessary for local supersymmetry of the 5d action 0. The third line contains 
derivative coupling of the odd field to the boundary sources W; the presence of singular 6^ 
terms is commented on in Appendix B. For the sake of concreteness we have concentrated on 
the case, where sources of supersymmetry breakdown are represented by expectation values of 
brane superpotentials (gaugino condensates will be discussed later in the paper). 

Locally in the bulk, it is possible to find a fiat BPS solution which preserves half of the 
supersymmetry (see Appendix A for details), but as soon as we switch on non-zero sources W 
the BPS solution does not satisfy the matching conditions at the Z2 fixed points. In such case 
we search for maximally symmetric, non-BPS solutions. We take the ansatz that allows for 
adS^ fohation of the 4d metric, gai3 = diag {—a^{x^)e^^''\a^{x^)e'^^''\a^{x^)e'^^''\o?{x^),Rl) 
(the generalization to the de Sitter foliation is straightforward); the size of the 5th dimension 
is parametrized by Rq. Our vacuum has the form of a constant curvature foliation (otherwise 
it could lead to violation of Lorentz invariance after integrating out the extra dimensions [Q). 
The ansatz for the scalar field and the graviphoton is: 

^ = ^(x^) V = V{x^) a = const = A5 = const (20) 

We start with the RS solution a = e"'^'^'''^', ^ = and treat the boundary sources as a 
perturbation. This procedure is justified since we expect that the parameters of the bulk 
lagrangian, which determine the zeroth-order solution, are close to the Planck scale, while the 
boundary sources should be of the order of supersymmetry breaking scale. Since the sources 
set the boundary value of ^ we expect that ^ will get {-^) corrections. On the other hand, 
the ^ enters quadratically into the equation for the metric, so the metric will get the correction 
only at the order (;^)^. We will be able to find a solution valid to the order (;^)^ • First we 
consider the linearized equation of motion for the ^ field which has the form: 

e + e'(4^ + 2tgA,) + a^k'Ro - AigkR^A, - g^Al) = -25'{x')^, - 25'{x^ - np)^ (21) 
The solution is: 

e = Ce(x^)e'=(^«-3^'-^^)l^l (22) 

Matching the 6' in the equation of motion yields the boundary conditions: 
^(0"^) = —jjk, ^{'^P~) = As a consequence: 

In the absence of supersymmetry breaking the moduli Ro and A5 could have arbitrary constant 
values. When we switch on the sources for the odd fields and break supersymmetry, the 
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expectation value of the moduli is determined by the boundary sources Wj. In other words, 
the moduli are stabilized. Hence, in our model the supersymmetry breaking indeed leads to 
stabilization of the fifth-dimension. In the 4d effective theory Rq and enter the so called 
T supermultiplet. In the next section we show, that the configuration of the ^ field which we 
have found gives rise to the 4d effective potential which is able to stabilize T modulus when 
the 4d dilaton is frozen. 

The non-zero value of ^ of order W will produce a back-reaction on the metric and the 
scalar V of order W^. Keeping only terms relevant to the order W"^, the Einstein equations 
read: 

3f + 3 (^)' + + - 6e{l + = -{6{x') - 6{x' - np))Qk{l - 

6 (f)' + 6g - ^m\' - Qk'il + i.m = (24) 

The terms involving boundary sources W gather nicely into the full square with the kinetic 
term of ^. The boundary conditions (^) ensure that the hatted derivative contains no delta 
functions . Thus the only boundary terms we have to consider are those displayed explicitly in 
(|2^ . Matching the delta functions in the first equation yields the boundary conditions for the 
warp factor: 

^{0) = -6k{l - \m\') fM = -6A:(l-|eMP) (25) 

Plugging in our solution for ^ we can satisfy the boundary conditions if the warp factor has the 
form: 

a(x^) = e-^^°l^'l + i^e'^^ol^'l (26) 

Away from the branes the Einstein equations can be satisfied if we choose = y^^^' This 
means that the 4d curvature is ^ = —32 ^ , hence this solution corresponds to anti-de Sitter 
4d foliation. 



Similarly, the scalar V will get the correction of the order of (;^)^- The equation of motion 

is: 

4-n' 

V" + —V + 2\D,^\ - 6(A;i?o)'lel' = UkRol^WSix') - 5ix' - np)) (27) 
a 

which is solved hyV = Vo- jCpe^'^-f^olx^l, 

Summarizing, we have found a perturbative (to the order \W^\) solution to the equation of 
motion in the presence of non-zero boundary sources for the odd field ^: 

^ - ^^^^ ' M3' ~ M3' 

„ - p-kRo\x^\ , \Cl kRo\x^\ 7-2 _ 8 P|Cp 

« - e + 2Vb ^ ' 3 K) ' 

y = a = ao. (28) 

In the above solution Vq and cxo are arbitrary constants. Hence these moduli are not stabilized. 
In fact, matching conditions in the equation of motion for V require Vq — >■ oo. This means 
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that Vq exhibits the runaway behaviour. To achieve stabihzation of all the moduli we need to 
complicate our model by adding boundary sectors that couple to V. 

As a cross-check of the above results we can calculate the 4d effective potential, obtained 
by integrating out the 5d bosonic action in the background (^). The result (to the order ■^'^) 
is: 

A = v^^(l - e-^'^^-ni^R + 8^). (29) 

We denoted by g the oscillations of the 4d metric around the vacuum solution. Solving the 
Einstein equations in the 4d effective theory yields R = —32 ' which is consistent with 
the value of = — ^^-R in (p8|). We also see that Vq enters the denominator of the effective 
potential, which explains its runaway behaviour commented on earlier. 

Before closing the discussion of the 5d classical solutions and supersymmetry breakdown, 
let us comment on proposals JlSl, |36|, ^ of solving the cosmological constant problem due to 



supersymmetry of the bulk-brane system. To put the issue into the perspective, let us note 
that the second equation in (|^) does not contain second derivatives of fields, hence it acts as a 
sort of constraint on the solutions of the remaining equations. This becomes more clear in the 
Hamiltonian approach towards the flow along the fifth dimension, where this equation arises as 
the hamiltonian constraint Ti = 0, and is usually used to illustrate the way the conservation of 
the 4d curvature is achieved through the compensation between gradient and potential terms 
along the classical flow. However, this classical conservation hinges upon fulfilling certain con- 
sistency conditions between brane sources, or between boundary conditions induced by them, 
as illustrated by the model above. When one perturbs the boundary terms on one wall, then 
to stay within the family of maximally symmetric foliations one of two things must happen. 
Either the distance between branes must change, or the source at the distant brane must be 
retuned. In the class of models which we constructed, if the 4d curvature is present then super- 
symmetry is broken , and doesn't take care of such a retuning. Furthermore, even if retuning 
takes place, the size of 4d curvature, i.e. of the effective cosmological constant, does change as 
well; moreover, the magnitude of the effective cosmological constant has quadratic dependence 
on the boundary terms which induce supersymmetry breakdown. Hence, any perturbation of 
the boundary, instead of being screened by the bulk physics, contributes quadratically to the 
effective cosmological constant. Of course, we are talking about perturbations that can be 
considered quasi-classical on the brane. Thus we do not see here any special new effect of 
the extra dimension in the cancellation of the cosmological constant. The positive aspect of 
supersymmetry is exactly the one we know from 4d physics. Supersymmetry, even the broken 
one, limits the size of the brane terms inducing supersymmetry breakdown, thus limiting the 
magnitude of the 4d cosmological constant, since the two effects are strictly related to each 
other. 



4 Four- dimensional effective theory 

In this section we give the form of the effective four-dimensional supergravity describing zero- 
mode fluctuations in the model presented in the previous section. Since in the 5d set-up 
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supersymmetry was broken spontanously, it is safe to assume that in 4d this supersymmetry 
breakdown can be considered as a spontaneous breakdown in a 4d supergravity Lagrangian 
described with the help of certain Kahler potential superpotential W and gauge kinetic 
functions H. The goal is to identify reliably these functions starting from the maximally 
symmetric approximate solutions (|28|) we have found in the previous section. Our procedure 
is perturbative in the supersymmetry breaking parameter Wi. The configurations (28) are 
solving equations of motion and boundary conditions to the second order in However, it 
is sufficient to identify the functions we are looking for from the terms which can be reliably 
read at the order (^Y- Such terms include the gravitino mass term. In addition, we have at 
our disposal the complete kinetic terms for moduli, gauge and matter fields, which are of order 
(VTi)" and are sufficient to read off the Kahler potential for moduli and matter fields. The 
complete procedure consists of solving to the given order for all background fields, including 
the Z2-odd ones, substituting the solutions back to the 5d Lagrangian and integrating over the 
fifth dimension. This procedure can be carried out to the full extent, however here, taking the 
existence of the effective 4d supergravity for granted, we shall perform the integration only for 
certain relevant terms - the ones which give direct information about W and H. 

4.1 Kahler function for the radion and 4d dilaton 

To the lowest order in field fiuctuations the ansatz defining the radion modulus in the Randall- 
Sundrum background, which is also the lowest order solution in VTi-expansion, is 

ds^ = e-'=^«(^'')l^'l^^^rfx'^rfx'' + Rl{x^'){dx^f. (30) 

This ansatz leads to the Kahler potential: 

K = -Ml \og{S + S)- 3Mj, log (/(T + f )) 

S = Vo + iao, T = k7Tp{Ro + iV2A5), (31) 

where we defined M|, = ^(1 - e-2'=-p(^o>)^ / = /3(1 - e-(^+^)) with (3 = The form of the 
Kahler potential for the multiplet T was previously derived in 

To see in more detail how the argument goes, let us summarize those terms in the 5d action 
that are most relevant to the forthcoming discussion: 

- ITa^T^^i^^UuABD^q'' ) , (32) 

where D^^ = d5^ + 3iy/2ke{x^)^A5 + 26{xi)Wi , the prepotential is given hjV = - 
2yi/2 i<^^ + 2^1/2 ^'^^) (2) ^P^^ connection u is given in Appendix A. 

The goal is to reduce various terms in this action down to the Einstein frame in four 
dimensions, where the matter-supergravity action is of the standard form of Cremmer et al. 
[HO, M. After inserting the ansatz (HO) into the 5d gravitational action, substituting the 5d 
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gravitino with the 4d zero-modes = a^^'^{i'^R)id = a^^^{^^,L)4d (see 0, |D), and 

integrating over one finds the following graviton and gravitino kinetic terms in 4d: 

^M|,e4/3(1 - e-2'="''^o)i?(4) _ ^Mj^e^^il - e-2'="''^o)^^7^^''D^V'p + - (33) 

where the Rq dependent bracket is simply the scalar part of the real vector superfield / (in 
what follows we shall use the symbol / for this scalar function as well). After performing the 
Weyl rescaling of the graviton and gravitino 

e;-e^/-^/^ ^P,^f-'/^^P, (34) 

one arrives at the canonical action for graviton and gravitino in four dimensions. Substituting 
the ansatz (^) into the 5d action results also in (a part of) the kinetic terms for Rq 6 Skin = 
—?)M^k{'KpYe~'^^^°'^P^ d^xe^dnRod^Ro] together with another term with two derivatives on Ro 
generated by the Weyl rescaling, this gives exactly the kinetic energy reproduced by the Kahler 
potential K given in (|3l|). A procedure of rescalings and integrating over applied to the 
kinetic term of V (and a) also produces 4d kinetic terms which are immediately seen to be 
exactly given by (^). It is worth noticing at this point that, contrary to assumptions usually 
made, the natural 5d frame where we have coupled bulk gravity and moduli with general gauge 
sectors on branes does not directly give us the superspace frame of the 4d supergravity. This is 
seen from the fact, that the Weyl rescaling in 4d is not given by the complete Kahler function, 
but only by the part of it that depends on the radion. Fortunately, radion and hypermultiplet 
moduli do not have a kinetic mixing in the canonical 5d frame. 

4.2 Effective superpotential 

Knowing the Kahler function and performing the reduction of the gravitino mass terms (the 
ones which in five- dimensions couple Z2 even components with even components) one can 
identify the effective 4d superpotential 

W = 2V2{Wi + e-^^W2). (35) 

One can see that the contribution to the effective superpotential given by the second brane 
at x^ = irp is suppressed by the factor Oq with respect to the contribution from the Planck 
brane. This fits nicely the notion of a universal down-scaling of all the mass scales on the visible 
brane. 

The derivation of the superpotential goes as follows. There are three contributions to the 
4d gravitino mass terms: 




(36) 

The first contribution comes from the term in (|32D involving the ^ part of the spin connection 
u!, the second from the 5d gravitino mass term involving the prepotential V. Finally the term 
with the graviphoton comes from the SU(2) covariant derivative in the gravitino kinetic 
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term: D^'ipp = V aipp + gApP^ijjp. Plugging in the gravitino zero modes in the solution (pS]), 
integrating over and Weyl rescaling, we get: 

__J__e,iW, + e-3^-^«oiy2) Vt^'^^.l + h.C (37) 

In the last step we used the boundary condition (|23|) . In the standard 4d supergravity formula- 
tion ||4^ this term has the form ^e'-^^'^il) ^jf^^^ifj^L + h.c with G = + In \ W\'^. The form of the 



Kahler potential (|3T|) and the holomorphicity of the superpotential requires the superpotential 
of our 4d model to be exactly (P^l). 

The non-trivial test of the consistency of the superpotential ( pSf ) comes from minimizing 
the 4d effective scalar potential derived from ( PT| ) and (|53|). In the standard formulation it has 
the form: V = e4e'^{GiG''-^Gj — 3) or explicitly: 

V = e4 ^.vb/33(i-e-^''^^>^o)3 ( |Vri|2(3e-2'=-P«o _ 2) + \W2\\3e-^''^P''' - 2e~^'-p''°) 



Minimizing the above scalar potential with respect to Rq and ^5 yields the relation (p3D, 
consistently with the 5d picture. Also, the value of the prepotential at the minimum (that is 
the cosmological constant) is consistent with the solution (|2^). Note also that, the 4d effective 
potential is of the runaway type with respect to Vq. 

Just as a remainder one should mention that the usual redefinition of the 4d components 
of the gravitino leading to removal of the kinetic mixing terms between ifj"^ and is needed 

~^ + ^'liJ.'y^'^b'- Inspecting more closely the fermionic mass matrix one notices readily 
the mass terms proportional to (c^s^) and (C,) which mix 4d gravitini with tp^ and hyperini A. 
The origin of these mass terms is analogous to that of gravitini masses, and their presence 
signals that the superhiggs mechanism is at work (as expected). To see that the higgsino is a 
mixture of hyperino and modulino tp^ one can inspect the supersymmetry transformation laws 
of these fermions: 

= +-^75^5^6! - s,{x^)^We^ + 3ke{x^)V^^^k''eA (39) 

just repeating the procedure given in for the Horava-Witten model. In the above V^^ are 
SU{2) vielbeins given in Appendix A. Since the theory has a mass gap Am = ttikk ~ Ma{'Kp), 
to find the low-energy goldstino one needs to substitute into above equations the vacuum 
solutions for bulk scalars and to project resulting expressions onto their zero-mode components. 

Another way to identify the 4d goldstino is to derive {Fs) and {Ft) with the help of the 4d 
effective Lagrangian and we shall give the result at the end of this chapter. 
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4.3 Gauge kinetic functions 

To arrive at a realistic model, one should introduce gauge and charged matter fields. One option 
— with gauge fields living in five- dimensional vector multiplets — was studied in ^ and 
yields the gauge kinetic function if ~ T. Here we present an alternative, a model with gauge 
and matter fields confined on the boundaries. The action of the gauge sector is: 

Sym = {-^F-^F'^'^^ - \aF;^F-^^ - \rP>C + ^l'''l^r)F:, 

-||((rLX?j)55? + (TRXDd^i) + (4 - fermi)) (40) 

and similarly on the visible brane at vrp. In the above the bulk fermions appear in their even 
(and Majorana in the 4d sense) combinations defined as: 



and brane supersymmetry is generated by the Majorana fermion e = \ ]■ '^^^ tree- level 
gauge kinetic function turns out to be universal and equal: 

H{S) = S (42) 

on either brane. However, we expect corrections to this universality (see the forthcoming 
discussion) . 

4.4 Kahler function for matter fields 

Now we introduce the matter fields living on the branes. We allow the superpotentials W to 
depend on the scalar $. Let us concentrate on the matter living on the visible brane at = vrp. 
The part of the action relevant to our discussion is (more terms and corrections to fermionic 
transformations are given in Appendix C): 

= -^H.^ - .P) (-D^iD^i - Ifi^ + ...) . (43) 



In passing from the canonical 5d frame to the 4d Einstein frame one needs two rescalings of 
the metric. First, one factorizes out of the original metric the warp factor and, second, one 
performs the Weyl rescaling — eJJ/~^/^. The second, potential term in the brane Lagrangian 
(^31) does not get corrected through the Weyl rescaling of the curvature scalar R (all new terms 
borne this way carry two space-time derivatives); after rescahngs it becomes 



r , — Ar.. ^ f-2 -ikirpRo 
J^pot,b — ^di — J ^ 



(9$ 



(44) 
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The canonical 4d SUGRA expression for such a term is —e4e^g'^'^\d<s,W\'^, where g"^"^ is the 
inverse Kahler metric for the matter fields. Comparing these two expressions, one obtains 
information about the matter Kahler metric. In addition, one should remember that in the 
limit k ^ the matter kinetic terms are reproduced with the Kahler function Kq = — log(S' + 
S) — 31og(T + T — 7|$P) with a suitable coefficient 7. This suggests a trial function of the 
form 

ir(r, = -M|,log(5 + S) -3M|,log(/(r + T-7|<l>n) (45) 

where / = — e"^^"*"^"''''*'^''). And indeed, the term (0) is reproduced upon substituting 
i^**|$=o into the standard supergravity expression with 7 = ^p^. In addition we need to 
redefine the real part of the T modulus: ReT = Rq — 

The additional check comes from the first term in (|43| ) which after rescalings takes the form 
— e4/~^e~^^'^''^°D^$D'^$. In canonical supergravity it should equal —64 Z)^$Z}^$ and 
indeed it is for our choice ( ^Sf ) with 7 = k/3M^ (one should notice that fT\<!>=o = e~^^'^''^°). 

The above discussion applies to matter living on the warped brane (whenever necessary 
we should denote it by $2)- To include matter living on the Planck brane ($1) we need to 
improve the Kahler potential further. The expression which reproduces properly also matter 
Lagrangian on the first, unwarped, brane is 

ir($i,$2) = -M|,log(5 + 5) -3M|.log(/(T + f -7|<l>2p) -/37l'^'i|') (46) 

where as before 7 = 

To summarize, we have deduced the zeroth-order approximmations to the Kahler func- 
tion, superpotential and gauge kinetic functions of the 4d effective supergravity for 5d warped 
Randall- Sundrum model with general gauge and matter sectors on the branes. 
It turns out that the leading effects of the Randall-Sundrum brane tensions are encoded in the 
exponential dependence of the effective Kahler function on radion and matter fields, and in 
the exponential suppression of the contributions to the effective superpotential borne on the 
warped brane. 

4.5 Gaugino condensates 

In this context it is interesting to ask the question about the proper immersion of the gaugino 
condensates into the effective supergravity picture. Let us discuss this issue at the level of the 
4d model we have just constructed. The basic expression for the effective potential including 
the contribution from the gaugino condensates we start with is 

l^ = eV^I^5W^+^e-^/'(AA)|2. (47) 

Usually, for canonically normalized gauge and gaugino fields, one replaces the condensate by 

A;? = MQijrpe ^''o . Using holomorphicity and R-symmetry of the gauge sector one often 
promotes this contribution to the one generated by an effective superpotential for the dilaton 
superfield S. However, the question arises of what we shall substitute for Mqut in the warped 
case. To answer this we should carefully recompute the condensation scale A^ using the one-loop 
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renormalization group equation for the gauge coupling and watching the rescahngs we make 
before reaching the 4d canonical frame. The point is that, to achieve canonical normalization 
of gauginos, we must perform the rescaling A a~^^'^ f^^^X. These rescalings are anomalous 
and amount to threshold corrections at the 4d upper scale of running which is Mp 

{Re{S) =) ^-i— ^ ReiS) + log / - log a)2bo. (48) 

Now the renormalization group running looks like 

= Re{S) + (^log/ - loga)26o - 26olog(— ). (49) 

r(p) 2 p 

This gives the condensation scale 

3-Re(S) 

Al = Ml>a{7Tpff-'^/^e~^^. (50) 

Thus we see that the effective Mqut at the warped brane equals essentially Mpaijip) (but 
Mqut = Mp on the Planck brane). We can substitute the condensation scale that we have just 
derived into the potential ( P7| ) to obtain 

V = e^{S + Sf\DsW + ^{S + 5)M|e~3'="^^0e"^P (51) 

(where by W we mean a perturbative superpotential plus possible constant contributions in- 
herited from higher dimensions). 

It is tempting to replace the contribution from the condensates by the effective superpoten- 
tial 

3S 

Wnpert = Mle-^'^e'^o (52) 

(the factor Re{S) multiplying the exponential dependence on S can safely be neglected). This 
would fit nicely with the formula for the perturbative 4d superpotential. However, one should 
notice that plugging such a superpotential into the standard SUGRA expression would generate 
in the potential new terms which are not present in the expression (|5TD, namely these containing 
Dj^Wnpert, which would be nonvanishing. This inconsistency is alleviated if one notices that 
together with threshold corrections we have used, there are suitable 'one-loop' corrections to 
gauge kinetic function on the warped brane. The threshold correction on that brane may 
be split into two pieces. The first is the same as on the Planck brane and comes from the 
Weyl rescaling by the power of /. The / became identified with a scalar component of a 
real superfield defining the Kahler potential, hence this part of the 1-loop corrections is fully 
analogous to result of the Weyl rescaling leading from superspace to canonical frame given by 
Bagger et al. The second piece is nonuniversal, and is associated with additional powers 



of the warp factor a multiplying the gaugino terms on the warped brane. Since already at the 
level of the effective perturbative superpotential we have found it consistent to promote a to a 
chiral superfield, a e^^, then also here this part of the correction should be understood as a 
correction to the gauge kinetic function on the warped brane, which now becomes 

Hwarped{S-,T) = S + 2boT. (53) 
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The supergravity model defined with (|52D and (|53D gives effctive potential suitable to study 
moduli stabilization and supersymmetry breakdown due to gaugino condensation in the effec- 
tive four-dimensional theory. 



The four-dimensional supergravity model defined by K{S, S; T, T; $, $) = —Mj, log(5'+5') — 

3M|,log (/(T + f - 3^|$2n - |$l|'), = 2V2{Wi + e-^'^W2), H^arped{S,T) = S+2boT 

and Hpianck{S) = S has been constructed as a small perturbation around the generalized 
Randall- Sundrum background. However, it is very likely that extrapolating this model away 
from the original vacuum and using it on its own makes sense as a tool to explore phenomenology 
of warped compactifications at TeV energies. 

Let us summarize basic features of our model. The F-terms take at the minimum the 
expectation values 

|F^|2 = 8e^(5 + Sfa\rrp)\W2\\l - a\np)f ^ 
|F^|2 = 

which means that supersymmetry is broken along the dilaton direction. The potential 
energy at this vacuum is negative: 

^ 8\W2\' a'jnp) 

Vo{M^/kMlfMl 1 - a2(7rp) " ^ ' 

The mass of the canonically normalized radion is 

, = 24 a\^p)\W2\' 1 

^ Vo{M^/kMlf{l-a\TTp))Mf, ^ ' 

and the gravitino mass term is given by the expression 

^ 2 a(7rp) \W2\ 

v^(M3/fcM|,)3/2(l-a2(7rp))V2 Ml ■ ^ ' 

It is interesting to compare these features to those of the no-scale models: there = 0, 
V„ar = 0, and is undetermined at tree-level IHGI . 



5 Summary 

The main result of this paper is the four- dimensional effective supergravity action which de- 
scribes low-energy physics of the Randall-Sundrum model with moduli fields in the bulk and 
charged chiral matter living on the branes. 

The relation between 5d and 4d physics has been made explicit; the low-energy action has 
been read off from a compactification of a locally supersymmetric model in five dimensions. 
The exponential warp factor has interesting consequences for the form of the effective 4d su- 
pergravity. The asymmetry between the warped and unwarped walls is visible in the Kahler 
function, gauge kinetic functions and in the superpotential. Roughly speaking the contributions 
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to these functions which come from the warped wall are suppressed by an exponential factor 
containing the radion superfield. This is the way the warp factor and (and RS brane tensions) 
are encoded in the low-energy Lagrangian. 

We have described the mechanism of supersymmetry breaking mediation which relies on 
non-trivial configuration of the Z2-odd fields in the bulk. We point out that the odd-Z2-parity 
fields can be an important ingredient of 5d supersymmetric models. They play a crucial role 
in communication between spatially separated branes. 

Moreover, we have demonstrated that, after freezing the dilaton, it is possible to stabilize 
the radion field in the backgrounds with broken supersymmetry and excited odd-parity fields. 
To achieve this we do not need to add vector fields and/or exotic charged matter in the bulk. 

We believe that the class of models we have constructed in this paper provides the proper 
explicit setup to study low-energy phenomenology of the supersymmetric brane models with 
warped vacua. 
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Appendix A: The BPS solution in 5d supergravity coupled 
to the universal hypermultiplet 

First, let us summarize the basic facts about the geometry of the universal hypermultiplet. The 
4 real coordinates are denoted g" = {V, cr, x, y}; when convenient, we also use ^ — x + iy. 
The metric is: 

hvV = haa — 4^ h^V = 

h --+y^ h -^+^ h --^ 

"■XX y ^ y2 W ~ V ^ ~~ y2 

hax — ~ r)T^2 ^'^y ~ 2V^ ^^'^^ 



The inverse metric: 



hVV^^y2 /^aa _ ^ |^|2 h-V^Q 

Ifx ^y f^yy = y ffy = q 

h""^ = 2Vy hay = 2Vx (58) 

We can introduce a vielbein one-form V — Vudq'^. Metric can be expressed in terms of a 
vielbein as: 

huv = eAB^abV^^'^Vf'^ (59) 
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where e and f) are totally antisymmetric and we choose = ^21 = 1- This formula determines 
the vielbein (up to SU (2) transformation) to be: 

V = —^a^dV + —^aMa + i-^a'' + -^a^)dx + i-^il - -^o^)dy (60) 
2^2^ 2V2V V2r ^/2V V2V V2V 

or more explicitly 

1 \ / n „■ 1 \ 



TT^TT \ / -i 



/I ^ y \ / A ^ n a; 



1^.= K vw v;= )^ ^vj^ (61) 

The inverse vierbein satisfies the equation: 



The explicit form is: 



The SU(2) spin connection u 



y 1 



and the Sp(l) spin connection A: 



'^ = -%'^' A, = fza3 (65) 



The Kahler form (which for quaternionic manifolds that can occur in supersymmetric the- 
ories is minus the curvature form) is: 

1 1 X 

Kva = T^TT^^o-^ Kvx = -irknicr'^ + Jr^icr^ Kyy = — ^tttttt^o-^ - -TTTT^a-^ 



= 777372^^' = -IT^^^' ^-y = -7TT7^^' + 7^77772^^' " 7^77772 (66) 



To illustrate our discussion of supersymmetry breaking let us study the explicit model 
presented in H. It is based on 5d dimensional supergravity with the universal hypermultiplet 
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and the U(l) symmetry ^ e*"^^ gauged. The Kilhng vector and prepotential corresponding 
to our gauging have components: 



k'^ = -y ky = X = = 

Vp^ = -(1 + ^) (67) 

Locally, even with non-zero sources for the odd field ^ it is possible to find a BPS solution, 
which preserves half of the supersymmetry. Plugging in the explicit metric and the prepotential 
into the BPS conditions (^) we get: 

(V) V = -6A;/?o|eP 

{a) a' - 2{yx' - xy') = 

(x) x' - f,{a' -2{yx' - xy')) =3kRox 
(y) y' + ^a'-2{yx'-xy')) = 3kRoy 

^- = -kRoil + ^-f) (68) 

It is straightforward to find the solution: 

X = Ciexp(3/ci?o|a;^|)e(x^) 
y = C2exp{3kRo\x^\)e{x^) 
V = Vo- {C^ + Cl) exp(6A:i?o|a;^|) 

= 00 (69) 

Integrating equation for the warp factor we find: 

a(x^) = exp(-A;i?ok'|)(^ - {Cj + cl)e'^'^\''"\f''' (70) 
The matching condition in the Einstein equation yields: 

^(0) = -A:i?o(l-^(0)), ^(ttp) = -Ml - f (^P)) (71) 

If Cl = 6*2 = 0, the above set is satisfied and the fiat BPS solution satisfies all boundary 
conditions. But as soon as we induce a non-zero value of ^ (by coupling to the boundary 
sources) it is impossible to find any solution to ( |7TD and supersymmetry is broken. 



Appendix B: Supersymmetric coupling of 

the odd hypermultiplet fields to the brane sources 

In this appendix we investigate the supersymmetric coupling of the hypermultiplet odd fields 
to the brane sources. It is obvious that away from the branes the theory does not distinguish 
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between the even and odd fields. However, matching conditions at the fixed points change in a 
significant way. To see this we factorize the dependence of an odd field ^: 

^x') = e{x')a\x'\), (72) 

where ( is smooth near the fixed points; hence: 

= C' + 2(5(x^)C(0) - 6{x' - np)anp)) 
d,d,^ = C"e{x') + 2{6'{x')m - 6'{x' - 7rp)C(7rp)). (73) 

The odd fields that are non-zero at the Z2 fixed points must have a jump there. As a con- 
sequence their first derivatives have delta functions singularities and their second derivatives 
have derivatives of the delta. The equations of motion are second order, thus we must some- 
how cancel 6' singularities by a suitable choice of the brane action. One way to achieve this 
is to couple the odd fields to the sources on the boundary through their fifth derivative. Such 
couplings naturally arise in M-theory |^ and its compactification to 5d |^ where the field ^ 
from the universal hypermultiplet couples to gaugino bilinears and to the superpotential of the 
boundary scalars. 

Local supersymmetry considerably restricts the possible form of such derivative couplings 
to the brane sources. We will show that couplings of the fifth derivative of an odd field to the 
boundary sources has to enter the bosonic action (^ in a form of 'the full square'. That is 
we have to replace d^q"^ d^q^ = d^q^ + 5{x^){y)i + 5{x^ — vrp)(x'^)2, in the kinetic terms of 
the odd fields (note that it implies that 5^ singularities appear in the lagrangian). 

Let us introduce the following coupling of an odd scalar q^ to the source x located on, say, 
the hidden brane: 

C^ = 5{x'f^d,q^Xr{qu) (74) 

We allow for the dependence of the source x on fhe even hypermultiplet scalar (it will turn out 
crucial for the consistency). Now we want to supersymmetrize (0). Consider the variation of 
the (odd) scalar g in £g: 

5q^ = -Vl-e^X'' 

^ = %d,{V\^e^\-)xr (75) 

First consider the fifth derivative acting on e. Using the fact that b'\\)^ = d^e^ this variation 
can be cancelled by adding a new term to the boundary lagrangian: 

C, = -6{x')mVUTiji)Xr (76) 

The variation with the 5th derivative acting on A can be cancelled by the variation of the 
hyperino kinetic term provided we modify the hyperino transformation law in the following 
way: 

5X^ = -^-^'-n'^XWe'^Xs (77) 

65 z 
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This modification has an immediate consequence that P terms are necessary in the brane 
lagrangian because A is aheady present in the brane lagrangian. Namely, varying ( |76D we get: 

[elYA 

{K^')?l%\{'f^^l'^AW'XrXs (78) 

RecaUing, that 5e\ = — |('?/'5^7^eA) the above can be cancelled by adding a singular term to 
the brane lagrangian: 

Cs = -{5{x')r^h^'xrXs (79) 
eg 4 

This is exactly what we need to cancel the S"^ singularities in the equations of motion. 
Note that ([7^), ([79|) and the scalar kinetic term can be gathered in a full square: 

Us = e^g'^'Kn.d^q^q^ (80) 

where we defined : 

5ag" = 5ag" - Slh-'-XrSix') (81) 

Thus we can guess that all the terms needed to supersymmetrize the action can be found 
by exchanging in the bulk lagrangian the fifth derivative of the scalars by the hatted one. This 
procedure leads to appearance of the following new terms in the brane lagrangian: 

U = e,5{x') {-'-Tn'^^V^a + -^.Ai'^'l'^^Mih^'Xs - -^""I'AXWx) (82) 
and in the SUSY transformation laws: 

Sil^i = -\Mie''h'^XsS{x'>) 

Note that this procedure correctly reproduces the terms we determined before, e.g. the correc- 
tion to the hyperino transformation laws. 

Nevertheless, exchanging the derivatives with their hatted counterpart does not ensure that 
the action is supersymmetric. If we make the supersymmetry transformation of the modified 
lagrangian we get: 

5£(0, d,r, Ssg-^sg-) = |f 50 + ^Sd.^q- + 2^^^^l^5d,rd,q^ 

S^'^ + a&r^^^^" + ^i^^^^^g-^.g'" - ¥{h-xrnx^){^ + ^^^^d^q^)- (84) 

The first three terms vanish here if they vanish in the unmodified 5d supergravity. But 
the last term does not vanish automatically. The easiest way to nullify this contribution is to 
assume that the supersymmetry variation Slh^^Xr) is identically zero. This can be achieved if 
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the function x which determines the couphng of odd scalars to the boundary can be expressed 
as: 

Xr = KsA' (85) 

where A'^ are constants (which determine the boundary values of the odd fields). 

Let us turn to the example of the universal hypermultiplet. The equation ([85| ) implies that 
the coupling of the odd scalars to the brane has the form: 

y^-xy^,^ Ay, x^-xy^,^ , , 

£5 = —(1 + '-^f^)d^x + —(1 + ^)d^y. (86) 

Appendix C: Supersymmetric coupling of gauge sectors 
on the boundaries to the bulk 

For completeness let us summarize the relevant parts of the bulk bosonic action and the brane 
action coupled to it. Derivation of the complete result including four-fermions terms can be 
found in flOl. The action is S* = Sy^uik + •S'yAf + S matter where 



+i72^(^^Vx'^)-^M5 - -MY''x'')Kp - KrTVx'^)^^^ 



-€^irLXl)d,i + {rRXl)d,0 + 5(0)^((x")')') + (4 - ferrmons) 

Smatteri = I d'x ^6{x'' - X,){-efik{l " V) " #V^(W^f + W,^' 



V I V 

-D,^,D^^¥ - If + 5{mWW + V^'^W{rRXl)) 

-{^{^L.r^i'Ru) - ^^W{i,L^^nL) + ^elW{i,^,\L) + h.c.)) (87) 

where i = 1,2 labels branes and ei^2 = +1,-1. In the above Z2-even 4d Majorana fermions are 
defined as: 



and brane supersymmetry is generated by the Majorana fermion e = ( ) • The relevant 

\^R J 

parts of the supersymmetry transformation of bulk fermions, which depend explicitly on brane 
operators that are allowed to take an expectation value, are 

6ij5 = ^{W,eL - W,eR)6{x' - xf) 
6X = -2VV{W,eL - W,en)6{x' - a;f). (89) 
Supersymmetry transformations of the charged fermions on branes are Sx<s> = |(-Dp$^ — 
i'RpX%)l''^R + sV^* ^(^7^-^) ~ ^ff^^-C'- After solving the equations of motion for ^, boundary 
operators appear also in bulk parts of the modulini supersymmetry transformations (these are 
given in the main text). 



24 



Appendix D : Conventions and normalizations 



The normahzations are mainly those of The signature of the metric tensor is ( — h + + +)• 
The indices a, (3... are five-dimensional (0, 3, 5), while 4d indices are denoted by /i, z/, .... We 

define 7^ = |^ ^ J ^ . 

The Z2 symmetry acts as reflection — and is represented in such a way that bosonic 
fields (6^,65,^5) are even, and (e^,e^,^^) are odd. The action of Z2 on the gravitino is 
'y^ip^ix^) = (o"^) l^'ipiix^) = —{<^^)%'ipi{—x^) (so that, for instance, ipji^j^ is even 

and iplji is odd). The action of Z2 on the SUSY parameter is the same as the action on ip^. 

In the spinor basis we use, the SU(2) R-symmetry is manifest. The index A of the gravitino 
transforms in the fundamental representation of SU(2). The SU(2) indices are raised with an 
antisymmetric tensor e^^. We choose e^^ = eu = 1. Explicitly: = ip2 4^"^ = — V^i- Note that 
%l) = and ipji^ = so one has to be careful about the position of the bar. The Majorana 

condition is: 

i^a^ = {^tfC, (90) 

where C is the 5d charge conjugation matrix satisfying C7"C~^ = (7°^)^. In particular ip]^ = 
-C5{i^f, ipl = C5(^)^. In the chiral basis C = i-f^-f^-f^. 

The rule for dealing with symplectic spinors is ip ryfj.i---fj.-n^B _ YB^^J.n■.■^J.l^A_ From the above 
formula one can deduce: ipj^'j^e^ = 'ipfj,2'~l^^^ = V'/i 7^^^ = '^^l^i^fi = ^l^i^^. = ~^'^'1^4'fi- 
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